Background: Most of our knowledge about how antiretrovirals and host immune responses influence the HIV-1 protease gene is derived from studies of subtype B virus. We investigated the effect of protease resistance-associated mutations (PRAMs) and population-based HLA haplotype frequencies on polymorphisms found in CRF01_AE pro.
Introduction
Almost two million people currently live with HIV in south and southeast Asia, and CRF01_AE is responsible for more than 80% of these infections [1] . Antiretroviral therapy has dramatically reduced the mortality associated with AIDS [2] . Mutations associated with resistance to protease inhibitors in the protease gene ( pro) can be classified as either 'major' or 'accessory' [3] . Ongoing HIV replication during protease inhibitor exposure results in the selection for accessory mutations in pro or polymorphisms that often co-exist in wild type circulating strains of HIV-1.
In addition to antiretroviral drug pressure selecting for mutations, host immune responses can also drive genetic changes [4] . Human leukocyte antigen (HLA) alleles determine the cytotoxic T-lymphocyte (CTL) response, which targets specific HIV protein epitopes for immune control [4] [5] [6] [7] . Variations in MHC class-I molecules among different human populations can influence HIV evolution [5] , and CTL-driven viral escape represents a major determinant of HIVevolution and diversity at both the individual and population levels [8] . We investigated how the observed genetic structure of CRF01_AE pro on a population level has been affected by the introduction of protease inhibitor-based antiretroviral therapy and the frequency of specific HLA haplotypes in Asia.
Material and methods
All HIV-1 pro sequences annotated as CRF01_AE in the Los Alamos National Laboratory (LANL) database were downloaded on April 28, 2008. A modified GARD procedure [9] was used to screen sequences for misclassification. Retained sequences were aligned using a modified Needleman-Wunsch algorithm [10] , and all duplicate sequences were removed. HYPERMUT 2.0 and Epitope Location Finder (available at http://hiv.lanl.gov/) were used to detect APOBEC-induced hypermutation and to identify CTL-recognized epitopes [11] .
Polymorphisms and PRAMs were identified based on sequence data using the Stanford Resistance Database (http://hivdb.stanford.edu/, May 2008). Additional polymorphisms were defined as those amino acid residues in pro that differed from the subtype B consensus sequence. The prevalence of specific HLA alleles in the populations studied (Thai and Chinese) was obtained from the dbMHC database of the National Center for Biotechnology Information (http://www.ncbi.nlm.nih. gov/projects/gv/mhc, August 2008). An HLA-subtype B association was assigned if, given the HLA haplotypes in the study population, the amino acid residue observed in the subtype B consensus sequence was present that would be expected with CTL escape. Similarly, an HLA-CRF01_AE association was assigned if, given the HLA haplotypes in the study population, the amino acid residue observed in the CRF01_AE consensus sequence was present that would be expected with CTL escape. HLA binding affinities were estimated using the Immune Epitope Database and Analysis resource (accessed October 2008). All analyses were performed using SPSS software 11.5 (SPSS Inc., Chicago, Illinois, USA).
Results
Of 1322 retrieved CRF01_AE sequences, 328 duplicated/identical sequences and 121 non-CRF01_AE or putative intra-subtype recombinant sequences were excluded. No hypermutation was observed in the remaining 873 sequences (available at http://www.hyphy.org/pubs/AE/AE.fas.) The majority of sequences (n ¼ 772, 88.4%) were sampled in Asia, including Thailand (21.5%), Vietnam (19.8%), China (16.2%), Cambodia (13.8%), and others (17.1%). In 873 sequences, 638 were annotated with the year of sampling; of those, 168 (26.3%) were sampled between 1990 and 2000, and 470 (73.7%) were between 2001 and 2007. The maximum likelihood estimate of the mean pairwise genetic divergence between pro sequences, based on the fit of the codon model to a neighbor joining tree [12] constructed from the Tamura-Nei [13] distance matrix, was 4.22% (95% profile likelihood confidence interval of 4.05-4.39%), consistent with typical intra-subtype divergence levels reported in the pol coding region (http://hiv.lanl.gov/). Alignment-wide dN/dS was estimated at 0.242 (95% CI ¼ 0.228-0.257), a value congruent with previous studies for selection in HIV-1 pro [14] . Residue sites 12, 13, 63, 70, 74, 82, and 93 (numbered with reference to the HXB2 pro) showed evidence of positive selection with dN/dS (P < 0.05). Ten residue pairs demonstrated evidence (posterior probability >90%) of coevolution (Table 1 ).
There were six differences between the consensus sequence inferred from our dataset and the subtype B consensus sequence (I13V, E35D, M36I, R41K, H69K and L89M). No polymorphisms overlapped with the list of PRAMs; however, 87 (10%) sequences contained one or more PRAMs (median ¼ 2, range ¼ 1-4), with L90M encountered most frequently (3.6%), and 47 sequences (5.3% of total) harbored more than 1 PRAM, with 50 (5.7%) sequences being resistant to protease inhibitor. Among the six countries with the most sequences available, sequences from Japan had the highest proportion of any major PRAM (41.3%), followed by Thailand (18.1%), Singapore (11.1%), China (3.5%), Vietnam (2.3%) and Cambodia (1.7%). Although this hierarchy roughly reflects the length of time that protease inhibitor therapy has been available in each of these countries (Roche, Bristol-Myers Squibb and Abbott, Thailand, personal communication), a comparison between the periods 1990-2000 and 2001-2007 showed no significant difference (P > 0.05) in PRAM frequencies at any of the residue sites ( Fig. 1a and 1b ).
Other than PRAM sites, 5% of residues in the consensus pro sequence constructed from the CRF01_AE dataset contained a residue differing from the subtype B consensus sequence, that is, polymorphisms (grey shading, Fig. 1c ). Additionally, we evaluated which polymorphisms previously associated with PRAMs in subtype B virus (http://hivdb.stanford.edu/, May 2008) were detected in the consensus sequence of the CRF01_AE virus from the dataset, and this was found to be the case for polymorphisms at codons 10 (OR ¼ 3.4), 20 (OR ¼ 5.2), and 62 (OR ¼ 8.5). In order to evaluate the amino acid evolution at all sites, a phylogeny-based DEPS method was used to account for uneven substitution rates between residues and shared descent. Sites 13(I), 16(E), 19(M), 33(F), 38(S), 54(I), 64(I), 76(F), 82(F), 84(I), 88(S), 90(M) and 93(IL) were preferentially evolving towards the residues indicated in parentheses (DEPS Bayes Factor >100).
To investigate the potential contribution of HLA haplotype to the genetic differences between subtypes, we analyzed the sequences in reference to the prevalence of particular HLA haplotypes in Thai and Chinese populations, as they provided the greatest number of sequences. There are six amino acid differences in pro between the consensus sequences of CRF01_AE and subtype B, which we define here as polymorphisms. Five of the six residues (13, 35, 36, 41 and 69) that differed between the consensus sequences of the CRF01_AE dataset and subtype B were associated with specific epitopes recognized by the HLA class I alleles present in these populations. At these five residues, 30 HLA-polymorphism associations were found, distributed among 11 (37%) HLA-A, 17 (56%) HLA-B and 2 (7%) HLA-C haplotypes. Of these associations, 24 (80%) demonstrated that the subtype B consensus amino acid would be favored during CTL escape, and 6 (20%) demonstrated that the CRF01_AE consensus amino acid would be favored. The four greatest decreases in binding affinity (i.e., the estimated CTL escape variant in the study population) were demonstrated between alleles in HLA-B Ã and the pro epitope in the amino acid positions 34-42, and the next two greatest decreases were between HLA-A Ã 68 and positions 30-38. When protein structures of the subtype B consensus and the CRF01_AE dataset consensus pro sequences were modeled and compared, the six differing residues (polymorphisms) between them were not within the active site of the protease enzyme. Overall, the protease structures were almost completely identical between the subtype B and CRF01_AE dataset consensus sequences, except for some discrepancies observed at positions 35 and 36. No substantial differences in hydrophobicity or chemical classifications were found between these polymorphisms.
Discussion
In this study, polymorphisms in the CRF01_AE protease gene were common, with the M36I polymorphism being the most frequent. M36I is a common nonsubtype B polymorphism in the absence of drug pressure and also has a higher replication capacity than subtype B wild type virus [15] [16] [17] [18] . Thus, the presence of this polymorphism could provide a replicative advantage and suggests that 36I is most likely the natural genetic background. Polymorphisms in residues as positions 10, 20 and 62 were more likely to occur in association with major PRAMs that are often found in patients who have been treated with protease inhibitors [19] [20] [21] [22] . In our dataset, these residues had positive correlations with one another and with major PRAMs at positions 30, 82 and 90, which are associated with resistance to nelfinavir [23] . Taken together, this pattern of covariation is likely explained by nelfinavir exposure.
Significant conservation of residues was also observed (dN/dS ¼ 0.242), reflecting necessary constraints on genetic diversity for the conservation of protease function. Furthermore, the polymorphic changes between the consensus sequences of subtype B and CRF01_AE identified in this study were located outside the active site of protease (not shown) and did not alter their biochemical properties. As nonactive site mutations do not directly affect protease-substrate interaction [24] , we theorize that the identified polymorphisms might emerge to evade CTL responses while maintaining functional catalytic activity.
Overall, 30 associations were observed between polymorphisms and specific HLA haplotypes. This result supports previous studies that identified the importance of HLA class I alleles, particularly HLA-B Ã , in driving HIV-1 evolution [4, 5, 7, 25] . Recent data in subtype C virus revealed that minor differences in the amino acid sequence of an HLA-recognized epitope might affect CTL recognition leading to different clinical outcomes [6] . Of the polymorphisms identified, I13 V, E35D, M36I, R41K and H69K were associated with known epitopes recognized by HLA class I alleles predominantly found in this population. I13 V and E35D often appear during nelfinavir treatment [26] . Interestingly, R41K and H69K have not previously been reported to be associated with any currently available protease inhibitors, and the predicted HLA binding affinities at the epitope located at amino acid positions 34-42 decreases 19-40 fold when E35D, M36I and R41K are present. Given that CTL epitopes are HLA-class restricted and that sequence changes of viral escape pathways are characteristic of an HLA haplotype, the HLA haplotypes belonging to the study population most likely selected for the observed polymorphisms in CRF01_AE pro.
A number of limitations should be acknowledged. First, all sequences were downloaded from a database not designed for epidemiologic studies. Second, there are neither empirically determined linkages between the viral sequences and host HLA haplotypes, nor report of the specific antiretrovirals used by the individuals from whom these sequences were derived. Thus, future study of sequence data derived from HLA typed population is needed to confirm the current observations. Third, the reverse transcriptase gene was not studied and, as no significant difference in the protease binding site was observed between our models of protein structure, allostearic inhibition could not be assessed without an invivo assay. Fourth, a small proportion from non-Asian countries was included, though the HLA-specific and drug-specific mutations did not differ across the sequences from Asian and non-Asian sources. Ultimately, an in-vivo study that contains individual-level HIV-1 CRF01_AE pro sequences, HLA haplotype, and history of antiretroviral use is necessary to more completely delineate all the associations presented here.
In summary, this study provides the largest analysis of a curated dataset of CRF01_AE pro sequences and HLA haplotype performed to date. Polymorphisms in the protease gene were common with the M36I polymorphism being the most frequent, and it most likely represents the natural genotype of CRF01_AE, whilst the R41K and H69K polymorphisms are more likely attributable to CTL recognition of known epitopes in populations with particular HLA haplotypes. Additionally, as protease function most likely requires certain biochemical properties of amino acid residues in the enzyme and the polymorphisms we observed in subtype B and the CRF01_AE consensus sequences were biochemically indistinguishable, this suggests that the residues we identified are critical for protease structure and function. Taken together, these data strongly suggests that HIV-1 CRF01_AE adapts effectively to antiretroviral and immunologic pressures in a population.
